Agrobacterium tumefaciens transfers a piece of its Ti plasmid DNA (transferred DNA or T-DNA) into plant cells during crown gall tumorigenesis. A. tumefaciens can transfer its T-DNA to a wide variety of hosts, including both dicotyledonous and monocotyledonous plants. We show that the host range of A. tumefaciens can be extended to include Saccharomyces cerevisiae. Additionally, we demonstrate that while T-DNA transfer into S. cerevisiae is very similar to T-DNA transfer into plants, the requirements are not entirely conserved. The Ti plasmid-encoded vir genes ofA. tumefaciens that are required for T-DNA transfer into plants are also required for T-DNA transfer into S. cerevisiae, as is vir gene induction. However, mutations in the chromosomal virulence genes of A. tumefaciens involved in attachment to plant cells have no effect on the efficiency of T-DNA transfer into S. cerevisiae. We also demonstrate that transformation efficiency is improved 500-fold by the addition of yeast telomeric sequences within the T-DNA sequence.
Agrobacterium tumefaciens causes crown gall tumors in plants by transferring a segment of DNA (transferred DNA or T-DNA) from its tumor-inducing (Ti) plasmid to the nucleus of plant cells. The T-DNA becomes integrated into the plant nuclear genome where it functions to give rise to the characteristic tumor (reviewed in refs. 1 and 2). This process depends on the induction of a set of Ti plasmid-encoded virulence (vir) genes. vir genes are induced via the virA/virG two-component regulatory system which senses monosaccharides and phenolic compounds from wounded plants (reviewed in ref. 3 ). The T-DNA is a single-stranded DNA molecule produced by a virDl/D2-encoded site-specific endonuclease that nicks within two 24-bp direct repeat sequences on the Ti plasmid (4) . These repeats, termed border sequences, flank the T-DNA. Following cleavage and excision, the T-DNA is coated by the singlestranded DNA binding protein VirE2 (5) , and the resulting T-DNA complex is transferred to the plant cell.
The mechanism by which the T-DNA complex is transported through the inner and outer bacterial membranes and into the plant cell is not well understood. It is believed on the basis of several lines of evidence that the VirB proteins and VirD4 are involved in T-DNA transport (reviewed in ref. 6 ). Once the T-DNA complex enters the plant cell, it is targeted to the nucleus via nuclear localization sequences in the VirD2 and VirE2 proteins (7, 8) . Upon entering the nucleus, the T-DNA is integrated into the plant genome by illegitimate recombination, a process likely mediated by host factors (9) .
The study of host factors involved in T-DNA transfer has been difficult and would be greatly facilitated by the availability of a host model amenable to genetic manipulation. Given the similarities between T-DNA transfer and conjugative transfer of broad-host-range plasmids (reviewed in refs. 1, 6 , and 10), we set out to determine if A. tumefaciens can transfer T-DNA to the yeast Saccharomyces cerevisiae. It has been demonstrated that Escherichia coli can conjugate with both S. cerevisiae (11, 12) and Saccharomyces kluyveri (13) . Bundock et The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
al. (14) recently demonstrated T-DNA transfer from A. tumefaciens to S. cerevisiae. In this report, we (21) were purchased from BRL and transformed according to the manufacturer's protocol. DNA was introduced into A. tumefaciens by electroporation as described (22) .
Plasmid Constructions. The salient features of pKP506, pKP509, and pKP5IO are diagrammed in Fig. 1 (27) , which contains a duplicate of the pUC multiple cloning site in an inverted orientation, was digested with BamHI and Bgl I (to reduce the frequency of p34E religation) and ligated to the large fragment isolated from the Bgl 1I-digested pBIN19 to form pKP507. The large Kpn I fragment from pKP505 was then ligated into Kpn I-cleaved pKP507, resulting in the T-DNAborderless plasmid pKP509.
The plasmid containing ARS] and the TRPJ gene, without telomeres, between T-DNA borders (pKP510) was constructed by linearizing pSc4128 with Nru I and inserting the entire plasmid into pBINl9 that had been cleaved with Sma I.
Construction of A. tumefaciens virDI/D2 Deletion Mutant. The HindIII-Sph I fragment of pTiA6 containing virD3 and a portion of virD4 (28) was ligated into the HindIll and Sph I sites of pEMBL130(+) (29) , to generate pKS121. The Sma I-Pst I fragment containing the virD/virC promoter and a portion of virC (4, 28) A similar set of experiments usingA. tumefaciens strain A348 (C58 chromosome, A6 Ti plasmid) as the donor cell demonstrated that yeast transformation is not limited to a specific genetic background of the donor cells. However, the transformation efficiency of the two donor strains differed significantly. The transformation frequency when using A348 (pKP506) as the donor strain was lower by a factor of -100 than when EHA105 (pKP506) was the donor ( Table 3 ), indicating that T-DNA strand formation is required for transformation. This conclusion is consistent with the observation that T-DNA borders are necessary for yeast transformation (Table 3) .
Vir mutants that are deficient in the synthesis of the putative T-DNA transfer channel were also tested as T-DNA donors. A. tumefaciens strains Atl2506(virD4-) (33) and Atl 1067(virB1-; polar on the complete virB operon) (33) containing pKP506 were unable to transform yeast (Table 3) . Taken together, these data suggest that T-DNA must be processed by cleavage at the border sequences, and, once formed, the T-strands are tColonies were counted from a 10-3 dilution of the original culture.
§Colonies were counted from a 10-1 dilution of the original culture.
transported through the same apparatus used for the transfer of T-DNA into plant cells. Chromosomal virulence genes. A. tumefaciens cells with mutations in the chromosomal genes chvA, chvB, or exoC are defective in either the synthesis or transport of ,B 1,2-glucan which appears to be required for efficient attachment to and transformation of plant cells (34) (35) (36) (37) (38) (39) (40) . To State of the Transferred T-DNA. The system employed in this study does not require that the transferred T-DNA be integrated into the yeast genome to obtain a stable transformant. The ARS1 locus and telomeric sequences within the T-DNA border sequences should ensure stable maintenance of the transferred, linear DNA. To determine if the telomeric sequences function as predicted, a binary vector lacking the telomeres (pKP510) was constructed and tested in the transformation assay. When EHA105 (pKP510) was cocultivated with yeast, transformants were obtained at a frequency of 7.7 x 10-6 (Table 3) , lower by a factor of 500 than when using the binary vector with the telomeres (pKP506). This result suggests that while integration of the transferred DNA can occur, it does not occur each time there is a transfer event.
To characterize the state of the transferred DNA in the yeast transformants, we first measured the stability of Trp+ prototrophy. If Trp+ prototrophy is conferred by an extrachromosomal, autonomously replicating element, then segregation of colonies to Trp-auxotrophy should occur following growth in nonselective conditions-i.e., rich media. Conversely, if the T-DNA has integrated into the genome of the transformant, no reversion to Trp-auxotrophy should be observed. We tested the Trp+ stability of transformants derived by cocultivation with EHA105 (pKP506) and with EHA105 (pKP510).
The yeast transformants resulting from the donor EHA105 (pKP506) each demonstrated Trp+ instability (J.D.H., unpublished data). Conversely, all but one of the transformants resulting from the donor strain EHA105 (pKP510) exhibited 100% stability of the Trp+ phenotype. The one transformant resulting from the donor strain EHA105 (pKP510) that was unstable demonstrated a 100% loss of Trp+ prototrophy, indicating a high level of instability of the marker.
These results suggest that the TRP1 marker is harbored on an extrachromosomal, autonomously replicating element in the transformants resulting from cocultivation with the telomere-containing donor EHAlOS (pKP506). The majority of the transformants resulting from cocultivation with the telomere-lacking donor EHA105 (pKP510) exhibited Trp+ stability, consistent with integration of the marker into the yeast genome. The single EHA105 (pKP510)-derived transformant exhibiting Trp+ instability likely harbors the TRPI gene on an extrachromosomal element resulting from circularization and ligation of the incoming T-DNA molecule.
To further investigate the state of the T-DNA in the yeast transformants, we isolated total DNA from the above transformants. In addition, DNA was isolated from YPH45 (trplA) and Y104 (TRPI). Southern analysis of EcoRI-cleaved DNA from the Trp+ transformants confirmed that each possessed the expected 1.45-kb fragment containing the TRP1 gene, while none of them contained sequences that hybridize to the 8-kb Bgl II fragment from pBIN19 (K.L.P., unpublished data).
This result suggests that only the sequences between the T-DNA borders on pKP506 and pKP510 were transferred to the recipient cells and, therefore, the transformants did not arise from conjugative transfer of the entire plasmid.
Uncleaved total DNA isolated from the transformants, as well as from YPH45 (trplA) and Y104 (TRPJ), was subjected to CHEF gel electrophoresis and transferred to a membrane for Southern analysis. If the DNA is maintained as a linear plasmid with telomeres at the ends, a discrete 13-kb DNA fragment is expected when the membrane is probed with an internal fragment of the TRP1 gene. However, if the TRP1 gene is integrated into the chromosome, no distinct DNA bands would be expected to hybridize due to the heterogeneity of DNA fragments produced by shearing during DNA isolation.
In the transformants resulting from cocultivation with EHA105 (pKP506), a distinct DNA band of approximately 13 kb was detected (Fig. 2, lanes 10-15) . These bands correspond in size to the large Kpn I restriction fragment from pKP506 (Fig. 2, lane 16 ) which represents the DNA fragment that would be formed upon transfer into yeast. Thus, the transformants derived from EHA105 (pKP506) appear to contain the TRP1 gene in the form of a linear, autonomously replicating extrachromosomal element.
A distinct TRPl-hybridizing fragment was not detected in either Y104, known to have a chromosomal copy of TRP1 (Fig.  2, lane 1) or any of the transformants produced by using the binary vector lacking telomeric sequences (Fig. 2, lanes 3-9) . Taken with the Trp+ phenotype segregation data and the evidence that the TRP1 sequence is indeed present (see above), this result implies that the TRPI gene in most of these transformants has been integrated into the chromosome. One exception is the transformant that demonstrated 100% instability of the TRPI marker, implying its presence on an extrachromosomal element. The absence of any observed bands in the DNA from this transformant might be explained by the fact that circular molecules migrate anomolously in pulsed-field gels and also by the fact that the TRPI gene, due to its instability in this transformant, may not be present at a detectable level.
DISCUSSION
The exchange of genetic information between unrelated organisms has been well documented (41, 42) . The case of T-DNA transfer from A. tumefaciens to plants represents a singular example of genetic transfer in nature since it involves species from different kingdoms. Although our understanding of the mechanism of T-DNA transfer has increased dramatically in the last decade, further advances in this unusual host-parasite interaction will require a concerted effort to unravel the roles that host factors play. The identification of such host factors has been elusive, primarily because of the innate difficulties associated with plant genetics and biology. To circumvent this problem, we set out to establish an A. tumefaciens-mediated transformation system involving a host that is more amenable to genetic and biochemical investigation.
Given that different Saccharomyces species have been successfully used as conjugative recipients of plasmids from E. coli (11-13), we chose S. cerevisiae as the host organism for this study. S. cerevisiae provides many advantages that can be utilized in such a study. First, it is a well-characterized eukaryotic organism, and its cell biology has been intensively investigated. Second, molecular biological methods and cloning vectors are available, making yeast amenable to genetic manipulation. Third, characterized yeast mutants are available which can be used to analyze eukaryotic factors or structures that may be involved in T-DNA transfer. These advantages make yeast an attractive choice for dissecting the host-factor requirements in T-DNA transfer.
In establishing the transformation assay, the binary vectors were constructed such that the transferred T-DNA would be stably maintained once in the recipient cell. The key advantage to the system described here is that, although homologous recombination between the incoming DNA and the yeast chromosome can take place, the production of transformants does not depend on it. Thus, each yeast cell that receives the DNA may become a Trp+ prototroph and will not require a recombination event to establish a stable transformant. Consequently, T-DNA transfer, not recombination or integration, is the limiting step in this system. (44), suggesting that host components necessary for nuclear targeting of the T-DNA complex are present in both lower and higher eukaryotes. Future work will involve the identification of host factors involved in T-DNA transfer in yeast and the application of those observations to the A. tumefaciens/plant
